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Abstract 
The study was conducted to gain some important characteristics of the influence of the blade flap-bending/torsion elastic 
coupling stiffness on blade root flap-shear force and vibratory hub loads of a bearingless rotor. Based on the aerodynamic force, 
this paper presents a loose coupled aeroelastic analytical model by finite element method. Four sets of composite rotor with 
different elastic couplings were designed and investigated. The results of the investigation showed that flap-bending/torsion 
couplings have a significant effect on the rotor vibratory hub loads and the distribution of the couplings also critical for the 
degree of vibration reduction. Through the present research, it has been demonstrated that structural couplings can significantly 
impact rotor vibration characteristics. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA).  
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1. Introduction 
The large blade vibratory loads filtered through the hub to the fuselage are the primary source of helicopter 
vibration [1], [2]. The high vibration levels limit helicopter performance, reduce the structural life of components, lead 
to pilot fatigue and poor ride qualities, and increase operating cost. For a bearingless rotor with the multiple load 
paths near the blade root and structurally-coupled composite blades, the analysis of the rotor is more involved than 
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that of a hingeless rotor or an articulated rotor due to the nonlinear bending-torsion couplings caused by large 
twisting of the flexbeam, hence, an accurate model of the rotor dynamics is particular essential for prediction of 
vibratory loads and vibration reduction. The classical approaches [3, 4] of helicopter vibration reduction may be 
classified into four categories: (1) Modification of hub or pylon dynamics: It involves installation of rotor hub 
vibration absorbers, vibration isolation, or some other devices. (2) Modification of fuselage dynamics: Absorbers or 
actuators are mounted at several key locations of the fuselage structure to suppress vibration. (3) Modification of 
blade dynamics: Adjusting fundamental blade dynamic characteristics, like blade natural frequencies and blade 
mode shapes. (4) Modification of blade aerodynamics: It is the direct way to eliminate or reduce vibration at its 
source by modifying aerodynamic loads of the rotor blade. The longtime engineering practice showed that both of 
the approaches function well, but each of these incurs cost in terms of weight, power consumption, complexity, 
reliability and maintainability. The introduction of advanced composite materials in the 1960s opened a new field of 
aircraft construction for its strong, lightweight and can permit aeroelastic tailoring. The composite tailored couplings 
result from the intentional distribution of fiber orientation and layup has been a new approach to helicopter vibration 
reduction [5].  
Most of the structural dynamic models for rotors are based on moderate deflection-type beam theories. For 
calculating of ground and air resonance in hover, Hodges [6] developed an analytic model of bearingless rotors. 
Each blade of the rotor was assumed to be rigid, and was attached to the hub through a single flexible beam. 
Meanwhile, Chopra and his colleagues [7, 8] developed a finite element formulation to analyze the aeroelastic 
stability of a bearingless rotor in hover and forward flight. The flexbeams and the torque tube were modeled as an 
individual moderate deflection-type beam. The displacement compatibility conditions at the clevis, located at the 
outboard end of the flexure beams, were satisfied. The results showed that a multiple load-path blade root cannot be 
represented by an equivalent single beam or it will lead to erroneous calculation results.  
Ganguli [9] and Chopra’s research showed that through the suitable layer design can introduce benefit elastic 
coupling and adjust the blade coupling modal characteristics, and then the blade dynamic responses and dynamic 
loads were altered, the rotor vibration can be effectively suppressed. Jinsong Bao’s experimental [10] study 
illustrated that by introducing appropriate elastic tailoring in the blade, the vibratory hub loads of model rotor can be 
significantly reduced. The most successful case of elastic tailoring in the production helicopters is the design of 
BERP IV blades of AW-101 helicopter [11] , reduced the hub vibratory loads by adjusting the second order flap 
modal characteristics. 
In this paper, the finite element approach using moderate deflection-type beam theories is presented for dynamic 
analysis of bearingless rotors. The structural model used in the present analysis is modified from Chopra’s 
bearingless rotor model [7]  consists of a single flexbeam with a torque tube with the pitch links located at the 
leading edge of the torque tube and main composite blade. Composite tailored coupling technique in the bearingless 
rotor blades was selected in this paper among numerous approaches of hub-vibration reduction for its simplicity, 
weight reduction, and better maintenance and robust to changes in flight conditions. Four sets of composite rotor 
with different flap-bending/torsion elastic coupled-blades were designed and investigated. All these coupled blades 
are of the same value of coupling. The blade composite D-spar is the primary structural element supporting the 
blade loads and providing the desired elastic couplings. 
The main purpose of the study is to gain some important characteristics of the influence of the blade flap-
bending/torsion elastic coupling stiffness on blade root flap-shear force and vibratory hub loads of a bearingless 
rotor. By means of a parametric study, the blade root flap-shear force, vibratory hub loads are examined for each set 
of coupled, three-bladed, bearingless rotor, a fundamental understanding of the key mechanisms of elastic couplings 
effects on vibratory loads was validated by comparison of the results. 
2. Analysis 
2.1. Design of the bearingless model rotor system 
In order to investigate the effect of blade elastic couplings on vibratory hub loads, the model rotor design will 
focus on blade dynamic design, for the blade natural frequency placement and rotor aeroelastic properties were 
determined by the blade dynamic design. The key issue of the dynamic design of the composite tailored blades is to 
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simultaneously achieve large elastic couplings, while minimizing the difference of principal stiffness between the 
coupled and baseline blades. The reason for the latter is that changes in principal stiffness will lead to the changes of 
natural frequencies, and then alter the overall dynamic response and can mask the effect of elastic coupling. 
Previous research [12] showed that compared with the effect of flap-bending/torsion coupling, the impact of 
chordwise-bending/torsion couplings on the vibratory hub loads is very small. Hence, the research of this paper will 
focus on the effect of flap-bending/torsion couplings. The blade design of this work includes positive couplings and 
negative couplings. Positive flap-bending/torsion coupling is defined as blade flap bending up resulting in blade 
nose down twist, and obviously, negative flap-bending/torsion coupling is defined as blade flap bending up resulting 
in blade nose up twist. As showed in Figure. 1, four sets of composite rotor with different flap-bending/torsion 
elastic coupled-blades were designed and investigated in this paper, including a baseline rotor without coupling(NO-
coup), rotors with spanwise uniform positive coupling(PO-coup) and negative coupling(NE-coup), a sets of rotors 
have triple-segmented coupling, positive outboard, uncoupled in midspan, negative inboard(TRI-coup). The main 
parameters of composite tailored model rotor are listed in Table 1. 
Table 1. Parameters of composite model rotors.  
Rotor diameter 1074mm 
Number of rotor blades 3 
Length of blades 780mm 
Blade chord 100mm 
Length of flexbeams 225mm 
Length of torque tube 155mm 
Twist -12deg 
Blade airfoil OA209 
Rotate speed(ȳ) 1500rpm 
 
 
              Fig. 1. Top view of different composite tailored blade configurations. 
2.2. Structural model 
For characterizing the bearingless rotor dynamics, only some essential components are retained in the analytical 
model. The pitch hinge was eliminated for bearingless blade has an elastic flexure consist of a flexbeam and a torque 
tube. The flexure extends from the hub to a rigid clevis attached to the inboard end of the main blade. The inboard 
end of the torque tube is connected to a pitch link via a pitch horn, and the outboard end is attached to the rigid 
clevis on the blade. The blade pitch is controlled by rotating the clevis attached to the inboard end of the blade via 
the torsionally-stiff torque tube.  
In this paper, the flexbeam, the torque tube and the blade are idealized as Euler-Bernoulli elastic beams, and the 
finite element dynamic model is presented by moderate deflection-type beam theories. Each elastic beam member is 
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discretized into number of beam elements, with each element having nineteen degrees of freedom. The pitch link 
was modeled as a rigid element in this work. The structure model was showed in Figure. 2. 
 
 
Fig. 2. Structural model of the bearingless rotor used in this paper. 
The bearingless rotor blade motion is governed by three kinematic constraints [7]: (1) constraints of the pitch 
horn; (2) compatibility constraints at the clevis; (3) the cantilevered constraints at the joint of the flexbeam and the 
hub. These constraints will convert to a series of global matrixes operation in subsequent calculation. 
2.3. Blade structure design 
For the convenience of composite tailoring design, the blade was designed to be a long uniform rectangular 
planform. The main blade profile is an OA209 airfoil. D-spar is the main part undergoing the large centrifugal force, 
consist of the top half, the bottom half and the web (see Fig. 3).  
The parameterized model of the blade section was established in the paper, and the coupling stiffness and 
principal stiffness of different blade were obtained by calculation of VABS program. The variation of the structural 
stiffness with fiber orientation angles in the D-spar was analyzed for the study of composite blade tailoring with D-
spar. Blade cross-section stiffness of a baseline blade and a blade with flap-bending/torsion coupling are shown in 
Fig. 4. The composite D-spar design will simultaneously achieve large elastic couplings, suitable frequency 
placement, and minimum stiffness difference between the uncoupled blade and the coupled blades, and the final 
choice of blade layups and materials are listed in Table 2. 
Table 2. Layups of composite blade components.  
Skin layup [ 45r ]weave 
NO-coup spar top:[ 0 / 15r ]s˗bottom˖[ 15 / 0 ]s 
PO-coup spar top˖ [ 0 /15 ]˗bottom˖[ 15 / 0 ] 
NE-coup spar top˖ [ 0 / 15 ]˗bottom˖[15 / 0 ] 
Web [ 0 / 15 / 0r ] 
Web location 33%chord 
Composite material IM7/8852graphite/epoxy 
 
 
Fig. 3. Chordwise structure model of the blade. 
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Fig. 4. (a) Coupling stiffness (PO-coup) of composite tailored blade versus ply angle of the D-spar; (b) Principal  stiffness (PO-coup) of 
composite tailored blade versus ply angle of the D-spar; (c) Coupling stiffness (NE-coup) of composite tailored blade versus ply angle of the D-
spar;  (d) Principal stiffness (NE-coup) of composite tailored blade versus ply angle of the D-spar. For the two pictures on the right side, black 
solid line refers to torsion stiffness of uncoupled blade;black dotted line refers to flapwise stiffness of uncoupled blade; red solid line refers to 
torsion stiffness of coupled blade; red dotted line refers to flapwise stiffness of coupled blade. 
2.4. Effect of couplings on blade frequency and mode shape 
The finite element model of the bearingless rotor was developed using moderate deflection-type beam theories, 
with each element having nineteen degrees of freedom includes the shear deformations. The displacement vector is 
expressed as q, and the transfer matrix is expressed as Ȱ, then the blade motion equation is obtained: 
 
 (t) (t) (t) (t)MΦq + CΦq + KΦq = F  (1) 
Table 3 lists the non-dimensional blade rotating frequencies for all rotor configurations. It is obvious that there is 
very little difference between the natural frequencies of the baseline uncoupled blade and those of coupled blades. 
The small frequency variation with coupling precludes frequency shifts dominating the impact of composite 
coupling on rotor vibration characteristics.Nevertheless, the mode shapes, especially the second flapwise mode and 
the third flapwise mode, vary a lot with coupling introduced into the blade (see Figure. 5). 
Table 3. Non-dimensional blade rotating frequencies for all rotor configurations.  
Mode NO-coup PO-coup NE-coup TRI-coup  
Lag 1(Ω) 1.20 1.20 1.20 1.20  
Flap 1(Ω) 1.50 1.49 1.49 1.49  
Flap 2(Ω) 2.91 2.88 2.87 2.88  
Flap 3(Ω) 7.04 6.75 6.76 6.85  
Torsion 1(Ω) 7.74 7.81 7.51 7.55  
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Fig. 5. (a) Second flapwise mode shape of NO-coup rotor; (b) Second flapwise mode shape of PO-coup rotor; (c) Second flapwise mode shape of 
NE-coup rotor;  (d) Second flapwise mode shape of TRI-coup rotor. For the pictures above, green lines refer to lag motion DOF;blue lines refer 
to torsion motion DOF; red lines refer to flap motion DOF; lines with asterisk refer to the tube. 
2.5. Blade steady response analysis 
Postmultiply all the terms on both sides of Eqn.1 by the transfer matrix Ȱ, and then the equation of motion for ith 
blade flapwise mode is obtained, expressed as Eqn.2. 
 i i i i i i iM q C q K q F     (2) 
In Eqn.2, i represent ith blade mode, , , ,  respectively represent the generalized mode mass, damping, 
stiffness and force of the ith blade flapwise mode. The aerodynamic loading is composed of many harmonics of 
rotor speed: . Then Eqn.2 can be solved for the steady state response of iq : 
 
0
sin( )i ik ik
k
q q k t Jf
 
 : ¦   (3) 
 2 2 2 2 1/2/ ( ) /{[( / ) 1] [2 ( / )] }ik ik i i i iq F M k k kZ ] Z : :   :   (4) 
 
In the above equations, ikJ  denotes the phase angel. iZ , i]  respectively represent the natural frequency and 
damping of ith blade flapwise mode. The steady state response of iq at each harmonic k is ikq . 
Then the root vertical vibratory shear force and flap-bending moment were obtained by the mode-displacement 
method [14], and the bending moment  and shear forceexpressed as follow: 
2 2
1 1 1 1 1 1 1 1 1 1
1
( , ) ( ( ) ( ) ( ) ( ) ( ) ( ) ) ( )
L L L
b i i i i ix x x
i
M x t x x m x x dx m x x dx m x x dx q tZ I I If
 
  : ¦ ³ ³ ³   (5) 
0 0.2 0.4 0.6 0.8 1
-10
-5
0
5
R˄m˅
a
0 0.2 0.4 0.6 0.8 1
-10
-5
0
5
R˄m˅
b
0 0.2 0.4 0.6 0.8 1
-15
-10
-5
0
5
R˄m˅
c
0 0.2 0.4 0.6 0.8 1
-15
-10
-5
0
5
R˄m˅
d
iM iC iK iF
1378   Yu Jin et al. /  Procedia Engineering  99 ( 2015 )  1372 – 1379 
 2 2 '1 1 1 1 1 1
1
( , ) ( ( ) ( ) ( ) ) ( )
L L
b i i i ix x
i
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Among which, x  denotes spanwise location. The length of blade is L . For the bending moment  and shear 
forcewere obtained in the previous steps, it is easy to calculate the vibratory hub loads using the formulas [14]. 
3. Numerical results and discussion 
The aerodynamic force loaded on dynamic model was scaled from test data of SA-349 helicopter at flight status 
2 [13], according to the ratio of lifting force of the SA-349 helicopter to lifting force of model rotor. The time 
histories of the displacement responses and blade root vibratory loads (see Figure. 6) of individual blade were 
obtained from the present analysis. Discretize the time histories signal into spectral domain and add them up with a 
certain law[14], then the vibratory hub loads were obtained. As shown in Figure. 7, the comparison of vibratory hub 
loads involves vertical force (Hz), roll moments (Mhx) and longitudinal moment (Mhy) for only flapwise shear 
force and flap-bending moment were investigated in the previous work. 
 
 
Fig. 6.Time histories of blade root vibratory loads. (a)Flapwise shear force;(b)Flap-bending moment. 
 
 
Fig. 7. Vibratory hub loads of each set of rotor.All of the loads are generalized to correspondent of rotor without couplings. 
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The calculation results show that: (1)elastic tailoring of the bearingless rotor blade is a effective method for the 
vibration reduction;(2)flap-bending/torsion elastic coupling introduced by the layups design can effectively change 
the helicopter rotor dynamic characteristics;(3)the blade structure coupling with suitable distribution along span 
wise can significantly reduce the helicopter rotor hub vibratory loads caused by the flapwise vibratory load of the 
blade;(4) the blade root shear force and bending moment in a revolution cycle have significant changes due to the 
couplings, the changes also showed a difference between different couplings, even vertical force was increased in 
the blade with negative couplings; (5) all the vibratory hub loads of the rotor with triple-segmented coupling is 
significantly reduced. 
4. Conclusions 
In the paper, the results of the investigation showed that elastic tailoring of the bearingless rotor blade is also a 
effective method for the vibration reduction, flap-bending/torsion couplings have a significant effect on the rotor 
vibratory hub loads and the distribution of the couplings also critical for the degree of vibration reduction. The 
reductions varied markedly with the changes of the distribution of the couplings. In some cases, the vibratory head 
moment also gained a considerable reduction.  
Through the present research, it has been demonstrated that structural couplings of the bearingless rotor blade can 
significantly impact rotor vibration characteristics, and with suitable design optimization, proper coupling strength 
and right spanwise distribution, they can be used to reduce vibratory hub loads without any weight penalties and 
extra power consumption.The research also provide beneficial theoretical support for subsequent experiment 
research of bearingless composite tailored model rotor blade. 
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